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ABSTRACT 


One of the major factors contributing to the success 
or failure of a secondary recovery project is the fraction of 
the reservoir contacted by the recovery mechanism. Analysis 
of the behavior of a pattern waterflood can best be studied 
by the use of scaled flow model studies. 

The contribution of the area swept out beyond the 
normal well pattern is of prime importance in a pilot water- 
flood study. In addition, in predicting the sweep out pat- 
tern efficiency to be expected in a secondary recovery opera- 
tion, the reservoir engineer is often confronted with a situa- 
tion in which part of the producing formation lies between the 
last row of wells and the reservoir boundary. To date, there 
has been little reference in the literature to sweepout pat- 
tern efficiencies in such areas. 

The performance of atsiiagie normal five-spot flood 
pattern was investigated to determine the effect of back pres- 
sure on the production performance and sweepout patterns. A 
scaled model employing a glass bead pack as the reservoir was 
used. Flood patterns were traced using fluorescent dyes 
excited by ultra-violet light. 

It was found that surprisingly large portions of the 
reservoir area lying outside the pilot area are contacted by 


the injected fluid before abandonment conditions are reached. 
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INTRODUCTION 


In most oil reservoirs the percentage of oil recover- 
able by primary means is quite small. Secondary recovery 
methods of many different types have been devised to increase 
the amount of oil recovered. A number of these methods depend 
upon the injection of a fluid into the reservoir, water flood- 
ing by water injection being the most common. 

The efficiency of a flooding operation is usually 
measured in terms of the volume of oil displaced by the en- 
croaching fluid. If the oil and the fluid are assumed incom- 
pressible and immiscible,the quantity of oil displaced is 
proportional to the area swept out by the injected fluid. In 
field pattern flooding the displacing fluid is injected and 
the oil is produced through wells which are, area wise, small 
openings in a large container or reservoir of oil. As a re- 
sult, not all of the area between the injection and producing 
wells is necessarily contacted by the injected fluid by the 
time it first reaches the producing well. In predicting oil 
recovery the question arises as to what fraction of the pat- 
tern area involved is contacted by the injected fluid due to 
the relative position of the injection and producing wells. 
This is the areal sweep efficiency. 

The flow of liquids through porous media is known to 
follow Darcy's Law which states that the velocity of flow is 


proportional to the potential gradient. This combined with 
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the continuity equation enables one to outline the problem 
mathematically. Early workers soon discovered that given 
this basic law of flow it was possible, theoretically, to ob- 
tain solutions to any problem of viscous flow of dead liquids 
by the usual methods of potential theory, providing that the 
mobility ratio* is one. However, problems of practical in- 
terest often presented such complex geometrical configurations 
of sources and sinks as to make the analytical solutions ex- 
tremely difficult or even impossible. Hence, model studies 
of various kinds were employed to overcome the analytical 
problems. 

In the subject study, a program of scaled flow model 
experiments was undertaken to study the performance of an 
isolated normal five-spot water flood. The tests were 
Specially designed to study the effect of back pressure on 
the flooding performance. Of particular interest was the oil 
recovered from the region outside the normal well pattern. 

The flow model experiments described simulate a uni- 
form, horizontal formation of constant thickness with fully 
penetrating wells. The system under consideration is entirely 
liquid saturated and not influenced by compressibility effects. 
This is representative of the situation achieved after gas 


fill up under practical conditions. Gravity segregation ef- 


* The definition of this term follows in a later section. 
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fects are assumed to be negligible, which implies a rela- 
tively thin reservoir formation and/or low vertical perme- 


ap lity. 
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LITERATURE SURVEY 


Model Studies 


The problem of determining what portion of the reser- 
voir is contacted by an injected fluid has been approached in 
a variety of ways. In addition to the mathematical approach, 
several types of models have been used to study oil and gas 
reservoir performance. These models may be classified as 
physical, electrolytic, potentiometric, X-ray shadowgraph, 
and fluid mapper. 

One of the earliest workers in this field, Muskat(42,44), 
obtained mathematical solutions to the problem for some of 
the simpler configurations assuming Buckley Leverett type dis- 
placement(9) and a mobility ratio of one. However, problems 
with complex geometrical configurations or mobility ratios 
other than one could not be solved analytically by his technique. 

Muskat, Wyckoff, and BOreat eo mnotine that the steady 
state flow of liquids is analagous to the potential distri- 
bution in an electrical conducting medium developed the 
Sicreteuhinie model. The model depended upon the movement of 
OH ions from the negative to the positive terminal in an 
electrolyte saturated porous media. Subsequently, several 
authors used this model(7,8,40,54,62). One of the biggest 
faults of this model was the fact that diffusion of the ions 
resulted in a loss of sharpness in the boundaries making the 


results inaccurate. 
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Hurst and McCarty(32) developed an electrical conduc- 
tion model based on the same analogy but using a conducting 
liquid in a pool, the bottom of which was shaped to account 
for varying thickness of the reservoir. In their method the 
calculation of a line integral was required. This often pre- 
sented mathematical difficulty. Lee(34) modified the method 
to eliminate this difficulty by direct plotting and graphical 
solutions. Potentiometric models of this type with slight 
variations became the accepted method of conducting areal 
sweep efficiency studies. Several authors in the literature 
used this technique (2,3,32,34,37,41,42). 

Numerical methods were introduced by Fay and Prats (25) 
to determine the invasion patterns. Their methods did not 
gain a wide acceptance. This could be partially due to the 
fact that they required high speed computers which were not 
readily available at that time. 

A gelatin model, which could account for varying 
mobility ratio, was proposed by Burton and Crawford(10) while 
Noble and Jansen(47) used a resistance network analog. These 
methods did not gain to much popularity. 

Slobod and Caudle(60) introduced radiographic tech- 
niques to determine sweep-out factors for any type of well 
spacing. In this method the location of various phases dis- 
tributed over a test area are observed simultaneously by ob- 


taining a photographic record of the transmission of X-rays 


7) 5, Rie a Bay 


aan 


apbinoo iLisoivdoals as beqoLevpb 


p subigS # pated Jud yoo ens oar ond nek 
Jauosos OF heqaere sew stokiw te moadod ons ,feoq. 3 wb 


= — 


att borden ions met ‘xtovaeess ettt to” apendbiisl valraaw a8 
-siq netio eidt baxiupet eau’ ipeoes onil 6 to cotsetools Be 

hodtenm eft holt lho tae ¥VAdwokt lib saa 
Inoicdqsxb Bae ped stolo s8akd vd ‘gp 14022336 nits eeenimete oo ae 


$dptia Atviw eqyt eit Yo atehom otzteinoksdez0d -sasktotse. 


ea at oxen weet eeibute sociale 
(SK (LD, TEY RE SERE, S) eupLatiot ete oo 


f 
= 
ee: 
; oe 
$- 
—_ 


(eS) ess7% Bae ys? xd hevubowsal exsw ebodism tmoteeailie! 
tom Sib ebollzen tisoit emredtag aobesvar ord 

exis ot sub yilsiaisg so bive eidt. -eonsdiqeog 

ton sisw dordw eresugnes hsoqe apid paaninte 

omit edt aia 

 PALYISY 263 ingoods Sives fozd 

elidw (OL) Sxotws 1d baie aati va inanien 

seoitT aes wrowsen sonsdetean’ 8 bows esa sanst 

Me wytisetagod abled 

ates itis tbotbst beabbosdnt | ' 


r ee 


ifow Fo eat as 102 etotost ln 


c 


- = 


stb aeesdq svolray baleananels 
: sdo yd easy paginas 


2 


ie 
a 
rie 


through the test plate. At present this is the most widely 
accepted technique as it is readily adaptable to a number of 
models. 

Among the many models used in conjunction with X-ray 
techniques are the fluid mapper model which consists of two 
thin plates spaced a few thousandths of an inch apart and 
model packs employing various materials to simulate the reser- 
voir. Slobod and Caudle(60) used fused alundum, Rappaport, 
Carpenter, and Lea's(56) used glass beads, and Craig, Geffin 
and Morse(17) used actual reservoir rock slabs. 

Numerous papers outlining the effect of mobility ratio 
and other parameters on sweep efficiency prior to break-through 
were published(2,3,10,15,17,22,47,60). However, little em- 
phasis was placed on the period after the initial break- 
through by these earlier workers. 

Dyes, Caudle, and Erickson(23) extended the study of 
the influence of fluid mobilities to cover the production 
period following break-through of the injected fluid. They 
used miscible fluids and X-rays shadowgraph techniques. Craig, 
Geffin, and Morse(17) further investigated the period after 
break-through considering mobility ratio effects and the ef- 
fect of the volume of water injected. Their results agreed 
with the results found by Dyes et al(23) for the areal sweep 
efficiency at break-through for various mobility ratios. 

The work to this point had concerned itself with con- 


fined patterns only. Pilot water flooding operations were 
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common practice by this time and since a pilot flood is nor- 
mally an unconfined pattern, the results from the confined 
floods could not be applied. Hence, studies on unconfined 
pattern floods were initiated. 

Caudle, Erickson and Slobod(12) investigated what 
occurred in the area beyond the normal well pattern and found 
that at least 90% of the area lying outside the last row of 
wells within one well spacing of these wells would ultimately 
be contacted by the injected fluid. The system studied by 
these authors consisted of a number of confined five-spots in 
a fully developed pattern plus the area, within one well spac- 
ing, beyond these patterns. The total area of this system was 
divided into symmetrical sections. It was found that there 
were three re-occurring shapes. A model of each of these 
shapes was built and the performance of each was studied. By 
combining the performance of each of these shapes and weigh- 
ing their contribution to the overall performance by the num- 
ber of times the shape appeared in the overall pattern, the 
authors were able to calculate the overall performance. Using 
various combinations of these three shapes, a number of dif- 
ferent patterns could be formed. At a mobility ratio of 1/3, 
using the pattern which most closely resembled a single nor- 
mal five-spot, the area contacted up to a water-oil ratio of 
19 to 1 was found to be approximately 10 times the five-spot 


area. 
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Fischer-Rosenbaum and Matthews(26) also conducted 
studies on unconfined patterns to determine what information 
could be obtained from pilot water floods. Their object was 
to find an optimum pilot pattern for a reservoir which had 
previously been depleted by a solution gas drive. Their find- 
ings indicated that a single pattern flood would not give re- 
presentative data. 

Pilot water flood studies were also conducted by 
Dalton, Rappoport and Carpenter(21). Their work showed that 
the behavior of an unconfined pilot water flood could be char- 
acterized or scaled on the basis of a dimensionless parameter, 
the s ratio. This pressure parameter defined the operating 
conditions by expressing the ratio of the pressure drawdown 
at the producing well to the pressure build-up at the injection 
wells relative to the reservoir pressure. In all cases studied 
by them, the oil recovery and the total fluid production re- 
lative to cumulative injection were found to increase with 
increasing values of the nm ratio. Areal recovery factors of 
up to 2 were encountered for some of the flood patterns. The 
areal recovery factor being defined as the ratio of the area 
which supplied oil to the pilot producers divided by the 
basic pilot pattern area. 

Neilson(46) investigated the performance of an iso- 
lated inverted five-spot pattern at a constant mobility ratio. 
His findings show that approximately six times the pattern 


area was contacted by water up until a producing water-oil 
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ratio of twenty to one. 

Several authors have studied the performance of five- 
spot floods*. Most of the studies were conducted on one 
quarter of a five-spot ignoring the area outside the pattern. 
Matthews and Fisher(38) studied the effect of dip on five- 
spot performance. Hurst presented a mathematical calculation 
procedure for determining the performance curve in five-spot 
water floods. His analysis did not consider the area outside 
the pattern area. 

Craig(19) conducted studies to determine the influence 
OF the effective productivity of the producing wells on the 
oil recovery efficiency of five-spot pilot floods as well as 
Single injection well pilot floods. The effective produc- 
tivity is indicated by the value of the condition ratio, de- 
fined as the ratio of the actual well productivity to that of 
an undamaged and non-stimulated normal sized well in the same 
formation. Experiments conducted at three different mobility 
ratios showed no difference in performance. Above a condition 
ratio of 2.22 the amount of oil recovered was in excess of 
90% of the recoverable oil within the five-spot pattern. No 
consideration was given to the area outside the normal well 
pattern in this paper. 

The difference between a confined flood and an uncon- 


fined pilot flood for a normal five-spot pattern was studied 
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by Caudle and Loncaric(14). The study was conducted on one 
quarter of a five-spot utilizing the geometric symmetry of 
the pattern. Studies were carried out at several mobility 
ratios and several rate ratios. The rate ratio is the ratio 
of the injection rate to the withdrawal rate. Oil production 
up to four times the displaceable five-spot pore volumes was 
obtained for the lower mobility ratios. 

Culham(20) ,studying an isolated nine-spot obtained 
sweep-outs of up to eight times the pattern area at a water 
oil ratio of twenty-five to one. Paulsell(48), studying a 
five-spot pattern with a free-gas saturation, obtained areal 
sweepouts of up to 2.5 times the pilot area for the lower 
mobility ratios after 4 pore volumes of injection had taken 
place. Most of the studies to date which have dealt with un- 
confined patterns agree with these results; that is, the con- 


tribution from outside the well pattern is significant. 
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DESCRIPTION OF APPARATUS 


The model consisted of a glass bead pack sandwiched 
between two transparent lucite plates. These lucite plates 
were circular with a diameter of three feet and were two 
inches thick. Separated by a one-quarter inch thick spacer 
and sealed by two neoprene O-ring seals, these plates were 
bolted together around the periphery. The glass beads, .6 
mm. in diameter, were fed into the model through a hole in one 
end. 

It was desirable to keep the reservoir thickness as 
small as possible to minimize the gravitational effects, how- 
ever, it had to be large enough that the difference in wet- 
tability at the lucite faces would not affect the results ap- 
preciably. A rule-of-thumb accepted in model work is that 
the thickness must be larger than ten bead diameters. Hence, 
a reservoir thickness of 1/4 inch was used. 

Ten simulated oil wells were located around the per- 
iphery of the model to allow for cleaning and evacuating of 
the model. A schematic diagram, Figure 1, shows the location 
of these wells. The pattern area of the model contained 
twenty-five more simulated oil wells arranged in the pattern 
shown in Figure 1. This enabled one to use many different 
patterns as well as many different sizes of any one pattern. 

A scale drawing of the oil wells, machined from brass, 


is shown in Figure 2. The production tubing of the wells was 
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a stainless steel line with an inside diameter of 52/1000 of 
an inch and an outside diameter of 72/1000 of an inch. The 
lower end of the tubing was sealed and a 45/1000 of an inch 
hole was drilled through the tubing a short distance from this 
end. The wells could be closed off or turned on by raising 

or lowering this tubing so that the hole lined up with the 
formation or with a neoprene O-ring which seals the seat of 
the brass well. 

The injection system consisted of four pistons mounted 
so that a fifth double acting piston could drive them forward 
or backward at the same constant rate. The double acting pis- 
ton was operated hydraulically by a constant rate ruska pump. 
The injection pressure of each of the four injection streams 
was measured on a liquid filled manometer. The reservoir pres- 
sure was measured on a liquid filled manometer attached to one 
of the peripheral wells. The back pressure on the system was 
controlled by raising or lowering the production line outlet. 

Injection patterns were traced by means of a water 
soluble fluorescent dye (Dupont Uranine B). The dye was 
made to fluoresce by means of ultra violet lamps, mounted 
beneath the model. A schematic diagram of the equipment is 
shown in Figure 3. In addition to Figure 3, a photograph 


of the entire apparatus appears in Figure 4. 
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FIGURE 4 


PHOTOGRAPH OF EQUIPMENT SHOWING TWO-DIMENSIONAL 


MODEL, INJECTION SYSTEM, AND LIGHTING ARRANGEMENT 
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PREPARATION OF THE MODEL 


Considerable difficulty was encountered in attempting 
to pack the glass beads into the model. The model was bolted 
together and an attempt was made to feed the glass beads into 
the model from a hole in one end. Electrostatic forces be- 
tween the beads caused them to repel each other to the extent 
that a uniform tight pack could not be attained. Wetting the 
beads before they were placed into the model reduced the repel- 
ling effect but caused the beads to cluster. The clusters ad- 
hered to the sides of the model preventing more beads from 
entering. 

The next technique adopted consisted of saturating 
the model with a soapy water solution. The beads, also sa- 
turated with the soapy solution were then fed into the model. 
This reduced the clustering effect and eliminated the repelling 
forces between the beads. In this manner the model was packed 
to a reasonably tight pack. 

However, in order to get a uniform maximum density 
pack it was necessary to vibrate the model on edge for a num- 
ber of hours while the faces of the model were gently tapped 
with a soft headed hammer. It was eeuna that in order to get 
the beads to pack most readily it was necessary to alternately 
saturate the model with water, then dry it completely, and 
vibrate it for a number of hours at each conditions. In all 


the model was vibrated on edge for over three hundred hours. 


The result was a maximum density, uniform porosity pack. 


- TL | 


1 ar ene semen 


pnaisemetis of le aati ad ‘ew qereoennis. rLe 
betiod zsw fesen-otr | chcolii oh ond ebeed eeslp oad 9 
odai ebssd easily sft best 62 Shai: 280 Jqmetss te bas t04 
~sd asoYo? olasdedrdes le: bee eno Ht elo * moxk ra 
jne3xe siz o2 rerdto toss isgez o3 mats beevey pet | ow 
eis paiszew -beniss26 sd son. biges oni agi 
-feqe1 ef3 booubet Lpbom ond asa Hsogia | ‘oni yeas 
-bs eseteuLo sft  tedeuto ot baa? ‘. é oe oli 


| ae 
paisexise Io beistenoo bedq@bs suphnstans eon salt 
~se obls sheet ont no kgulee Saad ore ast fs 

-Lebon eit ofmi- bet fast Siew notsutte: nes sate 


paiflege: of bedsalmbte bns aostie mas 
betdso ssw Labor odd zeenum ends ni .ebpad 


_ ¥dkeneh mimixsm wtotesu s ie Bolly: 
+miiat 6. TO% ape. nO Leber eid HAGE, OF 
beqas> yioase ian’ tebon ents ve 9¢ 
gap of ‘sara at are bauet: oon st 


Or 


THE PATTERN 


The pattern chosen to be studied was a normal isolated 
five-spot. Where a normal five-spot is defined as four in- 
jectors, one producer. Five-spots, either normal or inverted, 
are one of the most commonly used injection patterns. A 
water flood normally consists of an array of identical well 
patterns. In such an array, the perimeters of the well pat- 
terns are axes of symmetry, and act as impermeable boundaries. 
Thus, an extensive pattern water flood can be visualized as 
an aggregation of confined floods. In contrast, an isolated 
or pilot flood involves only one pattern and is unconfined. 

In the case of an unconfined flood the well pattern is not ba- 
lanced by other flood units, hence, the perimeter of the pilot 
area does not act as an effective boundary. This causes the 
amount of oil and water produced in an isolated pattern to be 
different from that produced in an extensive flood. 

The bulk of the work done on five-spot efficiencies 
has been done using one quarter of a pattern, thus utilizing 
the fact that the four quadrants are symmetrical. The model 
in such a case reduces to a square with a producer at one 
corner and an injection well at the diagonally opposite cor- 
ner. Thus, the normal and inverted five-spots in a confined 
case reduce to the same thing. This model represents the per- 


formance of an internal five-spot in a fully developed pattern. 
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Pilot floods, on the other hand, generally consist of 
a single pattern operating in a larger area to determine econo- 
mic feasibility of overall flooding and are thus unconfined. 
A second region where the unconfined flood becomes important 
is in the area closest to the boundary of the reservoir. The 
question often arises as to how close to the boundary should 
the first row of injectors be in order to sweep out the com- 
plete reservoir. The most common practice has been to place 


these wells very close to the boundary. 
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CALCULATION OF MODEL PROPERTIES 


Porosity 


Porosity may be defined as that fraction of the bulk 
volume of a material that is not occupied by the solid frame- 
work of the material(51l). Porosity is thus a measure of the 
Space available for fluid occupancy. Because not all of the 
void spaces may be interconnected it is advantageous to de- 
fine effective porosity as being the percentage of intercon- 
nected void space with respect to the bulk volume. 

Two methods were used to determine the effective po- 
rosity of the model. The first and most widely used in model 
studies is a simple material balance technique. The bulk 
volume of the model was determined from the physical inside 
dimensions of the model, while the void volume was obtained 
by evacuating the model and then saturating the pore spaces 
with water. The volume of fluid required to fill the model 
equals the void volume of the model. Effective porosity is 
the ratio of the void volume to the bulk volume. Calculation 
of porosity by this method is shown in the appendix in Table l 
and was found to be 33.2%. 

The second method used to calculate the porosity was 
a method proposed by Paulsell(48). Considering any swept out 
area before breakthrough,the amount of fluid injected must be 
equal to the area swept out times the thickness of the porous 


medium multiplied by the porosity fraction. Calculations for 
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this method are given in Table 2 of the appendix. The method 
yielded a porosity of 32.1% which compares quite favorably 
with the porosity found by the first method. 

A review of the literature published on model studies 
showed that most authors using spherical particles of a uni- 
form size obtained porosities between 36 and 43%. The minimum 
possible stable porosity which can be obtained is 25.9% and 
represents rhombohedral or face centered cubic packing. This 
seems to indicate that the pack obtained in this model is ex- 
ceptionally good and is probably due to the long period of 


time over which the model was vibrated. 


Permeability 


The permeability of a porous medium may be defined as 
POsmtlulceconmuctivicy 16)).Oruite ability toslet fluid flow 
within its interconnected pore network(51). 

The quantitative expression for permeability known as 


Darcy's Law is as follows: 


K 
Q =- — A grad ¢ 
u 
where 
K = permeability in darcies 
Q = flow rate in cc per sec. 
¢ = pressure force potential 
A = cross sectional area available for flow 


uw = viscosity in centipoises 
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The permeability of a porous medium is a property of 
the porous medium and not of the fluid which flows through it, 
provided that the fluid 100% saturates the pore space of the 
rock and there is no movement between the fluid and the boun- 
dary of the system. This permeability at 100% saturation of 
a single fluid is called the absolute permeability of the rock. 

In the case where the porous medium contains more than 
one fluid phase, the permeability can no longer be considered 
an invariable quantity, uniquely and completely fixed by the 
nature and structure of the porous medium. The permeability 
to each of the phases present must be considered. Flow of 
one fluid will be restricted by the presence of the other 
fluid. Thus, one may define the effective permeability to be 
the permeability of a porous medium to a particular fluid 
when that fluid has a pore saturation of less than 100%. 

The effective permeability of the model to the two 
fluids was calculated using Muskat's five spot formula(43). 
The calculations are given in Tables 3 and 4 of the Appendix. 
The effective permeability to water, measured at the residual 
oil saturation of the model, 0%, was found to be 837 md. At 
a water saturation of 39%, the connate water saturation of the 
model, the effective permeability to oil was found to be 135 


md. 
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Mobility Ratio 


The most widely accepted definition for mobility ratio 
is the mobility of the displacing phase divided by the mobility 
of the displaced phase. The mobility of a fluid may be de- 
fined as the ratio of the effective permeability of the porous 
medium to the viscosity of the fluid. In the case of the 
system being studied, the mobility of the displacing phase 
(water) was found to 938 millidarcies per centipoise while 
the mobility of the displaced phase (oil) was found to be 290 
millidarcies per centipoise. Hence, the mobility ratio of 
the system was calculated to be 0.324. Details of the cal- 
culation of the above figures appear in Table 6 of the appen- 


dix. 


Wettability 


Wettability, qualitatively speaking, denotes the ease 
with which a fluid can displace other fluids, or spread over 
a solid surface in the presence of other fluids(59). A 
quantitative definition of wettability is difficult to state. 
For this reason resort is made to relative wettability. 

In the case of a porous medium, the concept of rela- 
tive wettability has the following meaning. Of two fluids, 
one will generally wet the porous medium preferentially to 
the other; in other words, one fluid (the preferentially wet- 


ting one) will penetrate into a porous medium in preference 
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to the less wetting phase. The adhesion tension, which is a 
function of the interfacial tension, determines which fluid 
will preferentially wet the solid. A sketch is shown in 
Figure 5, wherein two liquids, oil and water, are in contact 


with a solid surface. 


Figure 5 


By convenction, the contact angle theta (98) is measured 
through the denser liquid phase and ranges from 0° to 180°, 
Based on this convention the adhesion tension is defined by 


the following equation: 


pate aBoy. Gta (oJ. 


where An is the adhesion tension, Fo is the interfacial ten- 


sion between the solid and the oil, Os, is the interfacial 
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tension between the solid and the water, and Onn is the inter- 
facial tension between the fluids. A positive adhesion ten- 
sion indicates that the water phase preferentially wets the 
solid. The magnitude of the adhesion tension determines the 
ability of the wetting phase to adhere to the solid and to 
spread over the surface of the solid. No specific quantitative 
scale for reporting wettability is available as yet; however, 
the values of adhesion tension (An), COS=0, Or tne comtact 
angle (8) are generally used as indices of wettability. 

A number of tests have been outlined in the literature 
to obtain an indication of the wettability of a porous media. 
Imbibition tests which consist of immersing a fluid saturated 
porous medium into another fluid and measuring the rate at 
which the original fluid is displaced have been outlined by 
Bobek, Mattax and Denekas(6). Imbibition tests conducted on 
a sample of the porous medium used in this project showed 
that neither of the fluids would displace the other fluid. 
However, lack of imbibition does not necessarily indicate non- 
wetting of the displacing phase(ll). 

A second technique, proposed by Bartell and Oster- 
hof(5) concerns itself with the measurement of displacement 
pressure. The higher the displacement pressure required to 
force one fluid against another into a porous medium, the 
smaller is the wettability by that fluid. 

The method used for determining the wettability of 


the system was a method outlined by Singhal(59). A modifica- 
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tion of the technique outlined by Bartell and Osterhof(5), 
the method concerns itself with the measurement of the dis- 
placement pressure. 

Since wettability measurements are not absolute but 
relative, a standard of comparison was necessary. Singhal 
elected to use a pack of the cleanest possible beads as a 
reference. An apparent contact angle concept was used by him 
based upon the assumption that the cleanest possible surface 


had 0° contact angle. The relationship used was: 


Poo Cow-r Kooy 
cos 9 = ° 
0 K_$ 
or O-wo GO 
where 
6 = apparent contact angle 
ey he displacement pressure 
Shes Oe interfacial tension 
K = permeability 
¢ = porosity 


and the suffixes o and r refer to the properties of the sample 

under consideration and the reference sample, respectively. 
The calculation of contact angle by this method ap- 

pears in Table 7 of the Appendix and was found to oc in- 


dicating a water wet system. 
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FLUID PROPERTIES 


The values of the physical properties reported in 
this section were determined by the following methods. The 
densities were determined by weighing a known volume of each 
of the fluids. Following the procedure as outlined in ASTM 
Standards on Petroleum Products and Lubricants(4), the vis- 
cosities were determined using a Cannon-Fenske Viscometer 
while the interfacial tension between the oil and water was 
found using the ring method as outlined in the ASTM Standards 


on Petroleum Products and Lubricants (4). 
Connate Water 


The water used in the establishment of the connate 
water saturation was de-aerated distilled water, having a den- 
sity of 0.9796 grams per cubic centimeter at 78°F. The vis- 
cosity of a sample of this water at 78°F was found to be 


0.8920 centipoises. 
Reservoir Oil 


The oil used to saturate the model prior to each run 
was Phillips 66, D-168 commercial grade iso-octanes. The 
density of this oil was found to be 0.6932 grams per cubic 
centimeter at 78°F while the viscosity at this temperature 


was 0.4673 centipoises. 
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Flooding Water 


The flooding water used to displace the oil was de- 
aerated distilled water colored with a fluorescent dye, Du- 
pont Uranine "B". Having a density of 0.9798, the flooding 


water had a viscosity of 0.8922 centipoises. 


Interfacial Tension 


The interfacial tension between the flooding water 
and the oil after corrections for ring size and buoyancy ef- 


fect was found to be 45.86 dynes/cm. at 78°r, 


Critical Rate Study 


General scaling laws applicable to three-dimensional 
systems were derived by Rappoport(55). These laws established 
on a mathematical basis are applicable to incompressible, im- 
miscible, two-phase flow systems. In the derivation of these 
laws particular consideration was given to the role of the 
capillary pressure functions. Applying these scaling laws to 
laboratory investigations, Rappoport, Carpenter and Leas (56) 
investigated the effect of rate upon waterflood recovery. 
Their findings showed that at the lower values of injection 
rate the oil recoveries and flood efficiencies were markedly 
influenced by the injection rate. However, the effect of 
rate on flooding performance became less pronounced with in- 
creasing rates and eventually, after a sufficiently high in- 


jection rate, the influence of rate became negligible. The 
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rate at which this occurs has since been termed the critical 
injection rate. 

A dimensionless group of parameters, which largely 
governs the displacement of oil by water in a two-dimensional 
flow system was derived by the above-mentioned authors. This 
group designated as the capillary pressure coefficient, de- 
fines the relative importance of capillary forces in the dis- 


placement of oil by water. The group is defined as follows: 


pe cos 6 v Ko 


where q is the injection rate per unit sand thickness, Wy 

is the water viscosity, oa is the oil-water interfacial 
tension, K is the permeability and 4 is the porosity. It 
was found that for a given value of Cc. all porous media of 
given geometry operated under similar boundary conditions, 
having the same mobility ratio and the same j function would 
yield the same flooding performance. Above a critical value 
of C, the two-dimensional water-oil displacements are inde- 
pendent of rate and classified as being stabilized. To in- 
sure the results would be rate independent, a critical rate 
study was conducted on the model used in this report; the re- 


sults of this study follow in a later section. 
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EXPERIMENTAL PROCEDURE 


Initially the model was evacuated from the ten wells 
around the periphery of the model. The vacuum was held for 
approximately one hour at a value less than 0.5 millimeters 
of mercury. The model was then saturated with water from the 
Center well of the pattern. The initial interstitial water 
Saturation was established by injecting oil into the center 
well and producing from the peripheral wells. A record of the 
amount of water displaced by oil was kept, from which the 
connate water saturation could be calculated. 

De-aerated distilled water, colored with the fluores- 
cent dye, was injected at a constant rate into four wells 
while the fluid production from the center well was measured. 
The flood fronts were traced onto the surface of the lucite 
top with a wax marking pencil at convenient intervals during 
the run. 

After each flood was completed a photograph of the 
entire flood pattern was taken. The camera was leveled above 
the model using a fish eye level. A typical flood pattern is 
illustrated in Figure 6. The area contacted by the fected 
water was found by enlarging the photograph and using a plani- 
meter to measure the area swept out. 

After each run, the model was cleaned using a vacuum 
pump connected to the center well while clean water lines 
were connected to the peripheral wells. Once all of the dye 


was flushed out, the model was completely saturated with water. 
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FIGURE 6 


PHOTOGRAPH OF A TYPICAL FLOOD SHOWING THE LOCATION 


OF THE FLOOD FRONT DURING VARIOUS STAGES OF INJECTION 
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Oil was then injected into the center well, again keeping re- 
cord of the amount of water displaced by oil. The model was 
then ready for the next run. 

For each run conducted, a record was kept of the water 
produced, the oil produced and the producing water-oil ratio. 
In all cases the floods were terminated after approximately 
fourteen five-spot pore volumes of water had been injected. 

Initially a number of runs was taken to determine the 
best size of pattern to use, It was desirable to use the 
largest pattern possible. Several pattern sizes were tried 
and it was found that interference from the boundary was con- 
Siderable with the larger sized patterns. A pattern having 
a distance of eight inches between the corner producers was 
finally chosen as the pattern to be used. 

A series of runs was conducted to determine the 
critical rate of flooding for the model. Following this a 
series of runs was taken to evaluate the effect of back 


pressure on the production performance. 
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EXPERIMENTAL RESULTS AND DISCUSSION 


The experimental data presented have been divided in- 
to three groups, depending upon the purpose of the run in 
question. The first series of runs, Flood series 1, were con- 
ducted to determine the best size of pattern. It was desir- 
able from a practical standpoint to use the largest possible 
pattern. This would facilitate the tracing of the flood pat- 
terns on to the model surface as well as reducing the percen- 
tage error induced by tracing the flood patterns. In addition, 
the larger the pattern, the greater the number of observations 
that could be made before abandonment conditions were reached. 

It was found that using the largest pattern the bound- 
ary of the model interfered with the flood patterns before the 
desired cut off point was reached. In order to minimize this 
effect without introducing the undesirable influences of too 
small a pattern, a medium sized pattern was chosen as the op- 
timum size. The pattern chosen was one having a side of eight 
inches between injection wells. All of the runs in this 
series were conducted with back pressure of 0.0151 psig and 
a rate of 400 cc/hr per injection well. The results of a 
typical run in this series are presented in Tables 8 and 9 of 
the Appendix. 

The second series of runs conducted were a series of 
runs used to determine the critical rate of flooding as dis- 


cussed in an earlier section. These runs prefixed with a 2 
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were on the 8-inch pattern and were again conducted with a 
back pressure of 0.0151 psig. The results of these runs are 
tabulated in Tables 11 to 17 inclusive and can be found in 
the Appendix. 

The third series of runs were conducted to determine 
the effect of back pressure on the performance of a normal 
five-spot. The results of these runs, numbered with a prefix 
3,are presented in Tables 18 to 33 inclusive and can also be 
found in the Appendix. 

Of prime importance in any flooding operations is 
the amount of oil recovered. The amount of oil recovered de- 
pends upon several factors. Of primary importance is the . 
amount of oil in place. Of secondary importance, of the oil 
in place, how much can be recovered? The amount of oil which 
can be recovered in turn is dependent upon the volume of the 
reservoir contacted as well as the displacement efficiency. 
In a constant thickness reservoir such as the one under con- 
sideration, the volume of the reservoir contacted is directly 
dependent upon the areal sweep efficiency. The displacement 
efficiency of a water flood is the amount of oil recovered 
from any contacted section expressed as a fraction of the 
amount of hydrocarbon pore volume with this section. In 
flooding a porous medium, the amount of oil which can be re- 
covered from that portion of the media contacted by the dis- 


placing fluid is dependent upon the residual oil saturation. 
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The residual oil saturation is the fraction of oil left be- 
hind regardless of the amount of displacing fluid that passes 
through the medium. In the case of the model under consider- 
ation the combination of a highly favorable mobility ratio 
with a water wet system produces a displacement efficiency 
very close to 100%. Hence, for all intensive purposes in 
this study, the displacement efficiency was considered to be 
100%. The amount of oil recovered thus depends directly on 
the area contacted. Areal sweep efficiency is defined as the 
measure of the area of the reservoir which is contacted by 
the displacing fluid at any time compared to the unit area of 
the pattern. 

In addition to the above factors, there is an economic 
factor in water flooding which must also be considered. From 
a practical stand point it becomes undesirable to continue to 
produce a field or a well once the water-oil ratio becomes 
too high. The cost of lifting and disposing of the produced 
water is a governing factor on the life of a well. Thus, it 
is desirable to know the water-oil ratio at the various times 
throughout a flooding operation. 

From the above discussion, it may be seen that the 
important factors are the amount of oil recovered, the area 
swept out, and the producing water-oil ratio. For each of 
the runs taken the oil recovered as a percentage of oil in 
place was plotted against the total throughput of the model. 


The throughput of the model is defined as the total amount of 
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fluid produced. Since the oil in place is not a constant, it 
was desirable to also plot the oil recovered in five-spot 
hydrocarbon pore volumes against throughput. The water-oil 
ratio and area swept divided by the unit area were also plotted 
for each of the runs. 

For the purpose of determining the critical rate of 
flooding for the model, an analysis was made of the percentage 
recovery and area swept against the scaling coefficient, Co: 
All of the terms in the scaling coefficient are constant ex- 
cept the injection rate, therefore, a change in the coefficient 
represents only a change in rate. Figure 7 represents the 
change in the percentage of oil recovered as a function of 
the rate while Figure 8 represents the change in areal sweep 
efficiency with injection rate. The parameter in both these 
cases being the cumulative pore volumes of water injected. 

Rappoport(56) has shown that the oil recovery should 
decrease with increasing rate up to a critical rate at which 
point further increases in rate do not significantly affect 
the oil recovered. Figure 7 shows that all of the rates em- 
ployed must be above the critical rate since the curve shows 
no influence of rate on the oil recovery. Comparing a study 
made on a similar model by Culham(20), the critical rate was 
found to be at a value of the scaling coefficient of 5.5 x 
iia The lowest value of scaling coefficient employed in 
this study is twice this amount. This supports the fact that 


all of the rates used were stable rates. Figure 8 shows that 


 tnetaties « Jon ak sii ane 


; ; By; oe fu 2 hos nie th : 
Force way fF ni be 19VOvNat 4 $ Solq & “. | ee pxt 8 open’ 
Lio~xetaw ant soqeipyorsHtt Jontaps eemsloy 9x09 § node: 
=" Le coe eA idan a 
bestszoligq oxls sisw sexs jiau oft yd bebivib oqowe sors | 
te _ e 
be ‘ 9 
ah Shs eds to, do dpaa so 
ap 
10 edex Iaoitixzo oz pate Lr ae #. aacqxug edd. an an pe 
t EPS > 


a 
“epern s04req ods to sham Bay staylens ea yleboa of 03 et 


-o a dastoltises patisce efit, senises oqowe. 938 en 


a 


“xs Inbtenoo Sus sn@iIitIee9 pnihisoe, elt 4 


- i 
dagsioisieos eli al spmedo s .sxoexed2, Iii E 


, 


en 
v= 


Me Les 


agewe [eows ot apie, ont etpbenies Ba 


gs aaa it ad 
seen? diod ni Tes omE TBE ont. ides: — x 


.betoetit tetsw, Yo aemsiov oxy evtan 
Siuorie Sx Lito eit Rian awoda. ot (pe) ot 
Matiw 38 stea Lapiatxe & OS Ww, ods2 pad 


“i toetc vis qao ba bape Jon “a ovas ak cr 
| amo 2o3ex ols to £f— doris aworle 3 ett 


- 


eworls evius er; sone ed6% tabtaiao sta alee 


viose, 5 aabneainaliais /\xeyooer tte ony mi 


ew ed6% Deataise eit" (0S) asd vd te 


te + 4p Rad ta sdatotti909 palisoa edz. ve oat aie 
a . sh a . 


mk, beyolame Jagdo#tte06 fering So 


Hea ton on? ‘panei 8 +2 


Sets ewort : 2 exvokt 


Ay _ 


5! 


OIL RECOVERED (% OIL IN PLACE) 


FIG 7 FIVE-SPOT WATERFLOOD : 
RELATIONSHIP BETWEEN OIL RECOVERED 
AND SCALING COEFFICIENT 

PARAMETER (Woy) PORE VOLUMES OF WATER 


INJECTED 


q 
Sk See aT oye 
Sow CosOvkd 


SCALING COEFFICIENT 


a fay ; } 
: ae " ihe yy 4 1 . 

7 7 . 4 , iF 
a ike »” Y aoe oe im 


Sal eee 


Wake 

“et = 
ad ey 

Vel | ae A A 


: COORASTAW 1 TO Me : 7 A Nee 7 
Co 


Sad 
ot oe : 


awT 3a UHZVOITAS: ia pee 
TABIDII93OD oui AD2 Qua. ms 
RITAW bs 23MUIOV nO AaTaMARAG i 


GIT OU 


: 7a : 
LL EE ett at tC Ae a Oe 


i it 
aE ES ORE eet Re eng ms RNS em Ne Nl RIAD cme Ar 


1 ’ df 1 


pe ll A ec A i RS ne 


AREA SWEPT/UNIT AREA 


FIG 8 FIVE-SPOT WATERFLOOD: EFFECT 
OF RATE ON AREAL SWEEP EFFICIENCY 
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the rates used did not appreciably alter the areal sweep ef- 

ficiencies at various stages of cumulative throughput. This 

also supports the theory that all of the rates were above the 
critical rate. 

The general shape of each of the curves plotted for 
the various runs was similar. A detailed discussion of a 
typical run follows below. The results of the balance of the 
runs are presented graphically in Figures1l2 to 27. These 
figures have been grouped in the Appendix for the convenience 
of the reader. 

Earlier discussion in this section has indicated that 
the important factors which must be considered are the amount 
of oil recovered, the area swept out and the producing water- 
oil ratio. These results are shown graphically in Figures 9, 
10 and 11 for run number 1-A. The significance of each curve 
is discussed below. 

Figure 9 is a plot of the oil recovered as a percent- 
age of the oil in place against the throughput in five-spot 
pore volumes. It was found that the oil recovery followed 
a straight line up to the point of water break-through at 
which time the slope of the curve began to decrease and the 
curve leveled out as the producing water-oil ratio increased. 
Two factors contribute to this effect. First, some of the 
water being injected flows directly between the injection 
well and the producing well and thus, does not sweep out any 


additional area not already contacted. Since no oil remains 
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OIL RECOVERED (% OIL IN PLACE) 
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1-C PERCENT RECOVERY 
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in this area this portion of the water does not contribute to 
the oil recovery. Second, as the amount of water being pro- 
duced increases, the amount of oil which can be produced de- 
creases. 

The area swept out by the displacing fluid, water, was 
found to be radial in the initial flooding stages as the ef- 
fect of the sink at the producing well was felt by the flood 
front, it began to distort and pull towards the producing well 
on the sides facing these wells. The back side of the flood 
remained essentially radial. A photograph of the typical flood 
patterns traced is shown in Figure 6. 

The second curve shown on Figure 10 is the water-oil 
ratio curve. In all cases the water-oil ratio increased slow- 
ly during the first pore volumes of throughput following water 
breakthrough, then began to increase very rapidly such that 
the water-oil ratio curve plots with almost a vertical slope 
in the latter stages of injection. 

Because the amount of oil in place initially influences 
the amount of oil recovered, another plot of oil recovered ex- 
pressed in five-spot hydrocarbon pore volumes was made. The 
general shape of this curve,shown in Figure 10,was found to 
be similar to that of the percentage recovery curve but takes 
into consideration the effect of a change in initial oil 
saturation. 

The plot of areal sweep efficiencies versus cumulative 


throughput show that the area swept increases at a decreasing 
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rate as the number of pore volumes of injection increases. 
The curve levels off at the higher water-oil ratio until it 
is nearly horizontal, at this point the additional area being 
contacted was almost negligible. Thus, additional injection 
would result in very little additional oil production. At 
this point the water-oil ratio was very high. 

The area contacted by the time the cumulative through- 
put was 10 pore volumes varied from 10 times the pattern area 
to 13 times the pattern area, depending upon the back pressure 
imposed on the system. These relatively high values of areal 
sweep efficiency are a direct result of the highly favorable 
mobility ratio. Due to the lack of published literature on 
isolated systems, it was very difficult to obtain data for 
comparison purposes. However, Culham, using a similar system 
on an isolated 9 spot pattern, found an areal sweep efficiency 
of 8 times the pattern area.. Comparing the two patterns in 
question one would expect to get much higher sweep-outs with 
a normal five-spot than with the nine-spot pattern. Hence, 
his results support the high values of sweep efficiency ob- 
tained. As pointed out in the literature survey, adapting 
the results of Caudle,Erickson and Slobod to the pattern which 
most closely resembles a normal five-spot, the areal sweep 
efficiencies ébtained EOLsamobiiity ratio of 1/3 are of the 
order of 10 times the pattern area. In general, one can say 
on the basis of these results that the contribution of the 


area outside the normal well pattern is very significant at 
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this low mobility ratio. 

Two of the runs, one from series two and one from 
series three, were conducted with the same condition imposed 
upon the model. By comparing the results of the two runs an 
indication of the reproducibility of the results can be ob- 
tained. 

The production histories of the two runs are plotted 
for comparison on Figure 28. Since the number of data points 
for each run was large, only every second value was used for 
this plot. Because of the close agreement between the two 
runs, if all of the points are used the points cluster one on 
top of another, and it was difficult to see individual points. 
The Figure shows that within the limitation of experimental 
error, the performance of run 3-B duplicates the performance 
Otrun)2-C. — Figure 297 swhich: 1s'a plot of the areal sweép 
efficiency data for the two runs, also shows a close agree- 
ment between the two runs. This close agreement between the 
runs indicates that the model results are reproducible. A 
second conclusion which can be drawn from these figures is 
that the model properties are not altered significantly from 
one run to the next by repetitively flooding the model with- 
out changing the pack. 

The results of the series 3 runs can be compared to 
determine the effect of a change in back pressure on the per- 
formance of the pattern flood. The series consisted of 8 runs 


with the back pressure varying from 0 psig to 0.116 psig. 
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FIG 28 COMPARISON OF 
PERFORMANCE OF FIVE-SPOT 
FLOODS 2-C AND 3-B. 
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FIG 29 COMPARISON OF 
AREAL SWEEP EFFICIENCY FOR 
FIVE-SPOT FLOODS 2-C AND 
aon 
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Two of the series 3 runs are not considered in the discussion 
for the following reasons: 

Run number 3-G is not considered because a partial 
plug off of the production well occurred during this run. 
Since the plug off would induce additional back pressure on 
the system, an accurate value of the back pressure could not 
be determined. 

Run number 3-D is not considered because of the unusual 
results demonstrated during this run. The initial oil in place 
for this run was unusually high. The recoveries obtained in 
turn were unusually high. It was suspected that a partial 
plug off of the production well during the establishment of 
connate water caused the amount of oil in place to be greater 
than it normally would have been. Oil was injected in the 
peripheral wells during the establishment of connate water 
and produced from the center well. Since the center well was 
partially plugged off, the oil injected into the peripheral 
wells caused a pressure build-up inside the model,in effect 
expanding the reservoir at the same time causing the pressure 
in the model to rise. Hence, at the beginning of the flood, 
the model would have an artificial reservoir pressure not pre- 
sent in the other runs. This pressure alone, without the aid 
of the injected water was sufficient to cause production. 
Hence, as the water was injected into the reservoir, oil was 
being produced at a much faster rate. Water breakthrough for 


this run occurred much later than for the other runs, however, 
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once the water broke through, the water-oil ratio climbed 
very rapidly and the oil production after breakthrough was 
negligible. 

The series 3 runs were plotted for comparison in 
Pigures 30, 31 and 32. Figure 30 is a plot of the areal 
sweep efficiencies measured for the series 3 runs. Up until 
about 4 pore volumes of injection, the area swept out is un- 
affected by the back pressure. However, the effect of back 
pressure increases as the throughput increases until after 12 
pore volumes of injection the area swept out changes from 
approximately 10 times the pattern area at a back pressure of 
0.116 psig to nearly 14 times the pattern area at a back pres- 
sure of 0 psig. 

The effect of a back pressure change on the amount of 
oil recovered is shown in Figure 31, which is a plot of the 
Oil recovery in five spot hydrocarbon pore volumes as a func- 
tion of cumulative throughput with back pressure as a para- 
meter. The linear portion of the oil recovery curve is un- 
affected by a change in back pressure, however, the non-linear 
portion of the curve is altered by changing the back pressure. 
Figure 32 is an enlargement of the non-linear portion of 
Figure 31. 

ro better illustrate the effect of back pressure on 
the performance of the flood, cross plots of the data were 
made. Figure 33, which is a cross plot of Figure 30, shows 


how the area swept out is affected by the back pressure on 
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RECOVERY IN FIVE-SPOT H.C.P.V. 


FIG 31 RECOVERY IN FIVE- 
SPOT HYDROCARBON PORE 
VOLUMES vs THROUGH- PUT 
IN FIVE-SPOT PORE VOLUMES 
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FIG 33. AREAL SWEEP EFFICIENCY vs 


BACK PRESSURE 
PARAMETER (W,,)- PORE VOLUME OF WATER 


INJECTED 
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the system. The degree to which the sweep-out is influenced 
depends upon the position of the flood. Figure 30 showed 
that up to 4 pore volumes of injection a change in back pres- 
sure had little or no effect. At 4 pore volumes of raeceten 
the effect of a change in back pressure is small, however, 
Figure 33, shows that as the cumulative throughput increases 
the effect of a change in back pressure increases. 

Figure 34 is a plot of the oil recovery as a percent- 
age of the oil in place at various amounts of throughput ver- 
sus back pressure. This figure reflects directly the effect 
the change in back pressure has on the area swept out. Since 
the area swept out is less as the back pressure increases,the 
oll recovery is less as the back pressure increases. 

The oil recovered as a percentage of oil in place 
at a throughput of 14, changes from 96% at zero back pressure 
to 69% at a back pressure of 0.116. Again the effect is 
less severe at the lower values of throughput. 

The cross plot of recovery in five-spot hydrocarbon 
pore volumes versus back pressure, Figure 35 shows the oil 
recovery expressed in this manner first increases as the 
back pressure increases up to a value of approximately 0.05 
psig then decreases as the back pressure is further increased. 
On the basis of the previous plots, one would expect this 
curve to be a continuously decreasing curve. No explanation 
for the behavior of this curve at the low back pressure can 


be offered, other than it is believed to be caused by changes 
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FIG 34 PERCENT OIL RECOVERY vs 

BACK PRESSURE 

PARAMETER (W,,,)- PORE VOLUME OF WATER 
INJECTED 
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in the initial oil saturation of the model. 

Figures 33, 34 and a portion of 35 show that as the 
back pressure on the flood pattern is increased, the area 
contacted is less and the amount of oil recovered is less. 
The second is a consequence of the first. It is also pos- 
sible that the influence of back pressure may be attributed 


to a well bore area effect. 
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OIL RECOVERY IN FIVE-SPOT H.C.P.V. 


FIG 35 OIL RECOVERY IN FIVE -SPOT 

HYDROCARBON PORE VOLUMES vs 

BACK PRESSURE 

PARAMETER (Wp,)- PORE VOLUME OF WATER 
INJECTED 
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PRACTICAL APPLICATION AND LIMITATION OF THE MODEL 


One of the severe limitations of the data obtained 
in this study is that it is applicable only to systems having 
a mobility ratio of approximately 1/3. There is sufficient 
evidence in the literature showing that mobility ratio changes 
greatly affect the production performance of water flood 
operations. Secondly, the results obtained in this model are 
for an entirely liquid filled reservoir which corresponds to 
the situation achieved after gas fill up under practical con- 
ditions. In addition, the model represents a reservoir of 
constant thickness with impermeable barriers above and below 
the producing zone. The assumption of negligible gravity 
effects has the further implication that the reservoir be 
thin or have low vertical permeability. 

The porous media represented by a uniform glass bead 
pack imposes the limitations of homogeneous porosity and per- 
meability. A marked difference between glass bead packs and 
natural porous systems is the bulk of the pores are nearly 
of equal size. 

Lastly, the system represented is a closed system in 
which the boundaries of the reservoir are impermeable barriers 
so that no fluid can be transferred across them. The data 
presented only illustrates the effect of back pressure and 
volume of fluid throughput on performance. All other factors 


are constant. 
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CONCLUSIONS 


The results of this study led to the following con- 
Clusions. 

1) Since changing the rate did not influence the 
performance of the pattern studied, it is the conclusion that 
all of the rates were above the critical rate. 

2) Since the rates are above the critical rate, the 
capillary pressure effects did not alter the results obtained. 

3) Because of the close agreement between runs 3-B 
and 2-C, the results are reproducible. 

4) The model properties are not changed by repetitive 
flooding of the model. 

5) The area contacted by the flood pattern is con- 
siderably greater than the pattern area when the flood is 
continued to high water-oil ratios. 

6) The area contacted by the displacing fluid is 
sharply reduced as the back pressure on the system is in- 
creased. 

7) In pilot water flood operations, a considerable 
amount of the production could come from the area beyond 
the well pattern, hence, a single isolated pilot pattern may 
not give accurate estimates of the expected performance of a 


fully developed flood. 
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RECOMMENDATIONS 


1) In constructing glass bead models one should use 
a range of size of glass beads in order to more closely re- 
present a natural porous system. 

2) In order to obtain a maximum density pack, the 
model should be vibrated for a long period of time. 

3) A higher viscosity fluid should be used as the 
reservoir oil in order to obtain a higher, less favorable 
mobility ratios 

4) A more accurate means of measuring the area swept 
out should be adopted. A continuous record of the flood pat- 
terns would be advantageous. This could be achieved with 
either X-ray shadowgraph techniquesor a movie camera. 

5) Larger models should be employed so that the 
boundaries of the model could be farther away from the pat- 


tern area, thus reducing boundary effects. 
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Table l 


Calculation of Effective Porosity by 
Material Balance Technique 
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where: 
¢ = effective porosity 
Ve = interconnected pore volume 
Va = bulk volume of pack 
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Table 2 


Calculation of Porosity by Method of Paulsell 


V 


, Sayee ar - 
16.386 Ah 
where: 
Vr = volume injected in c.c. = 84 c.c. 
A = area swept out in inches = 63.8 sq. 
h = height of pack in inches = ¥% in 
84 4 
o = XY —_ 
63.6 16.386 


¢ = 32.1% 
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Table 3 


Calculation of Effective Permeability to Water 


Muskat's Equation for Five Spot 


where: 


AP 


W 
0.003541 APh 


d 
Qu. (log = 0.619) 


effective permeability to water in millidarcys 
injection rate in barrels per day 
water viscosity in centipoises 


distance from injection well to producing 
well, in feet 


well bore radius in feet 
pressure differential in psi 


formation thickness in feet 


Model and Fluid Characteristics 


CmaZo 0M B/D 
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090208 Et. 


0.8922 centipoises 
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Table 4 
Calculation of Effective Permeability to Oil 
Muskat's Formula 


d 
Qu, (log me 0.619) 


S 0.003541 APh 
where 
Ky = effective permeability to oil 
iy te ViscOsit vlO LOdL 


and the other symbols are the same as in Table 3. 


Model and Fluid Characteristics 


O8e=+ 0-121 B/D 
AP = 0.884 psi 
h = 0.0208 
He 0.4673 centipoises 
log £- = 2.179 
W 
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Table 5 


Calculation of Pore Volume Within Five-Spot 


Largest Eive-Spot 


PV = Aho 
where 
A = area of five-spot = 144 sq. in. 
= 929.0 sq. cm. 
h = thickness = ¥% in. 
¢ = porosity = 33.2% 
PV a = ee] 445 x street 6, 386 2x 10.932 PP= 195.8 c.c. 
emallerehive-Spot 
Aw ==-64esq seine == 41279 ¥sq.7cm. 
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837 md 

0.8922 cps 
iLcisiey “vel 
0.4673 cps 
pew 

x 

@) 
K 837 
eV 
We 0.8922 
K 3 
ohh oan yaaa cla 
an 0.4673 
938 


Calculation of Mobility Ratio 


938 md/cps 


290 md/cps 
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Table 7 


Determination of Apparent Contact Angle 


The results and a sample calculation for the determina- 
tion of apparent contact angle are given below. The technique 


employed was developed by Singhal(57). 


a) Capillary Pressure 
Data: 


Derlections 2.0.95 cm and lL. 70° cm 
Input voltage «= 10 volts 
Calibration factor of pressure transducer 
- 136.3 microvolts/volt/psi 


Calibration factor of dynograph - 9.2 millivolts/cm 


Oe 2emLLiavolts/cm 


Overall factor 
10 volts x 136.3 microvolts/volt/psi 


0.1467 psi/cm 


Capillary pressure = (1.50 -0.81) cm 


0.69 x0,1467 psi 


0.101 psi 


b) Interfacial Tension 


The value of the interfacial tension between the oil 


and the flooding water at 78°F was found to be 45.86 dynes/cm. 
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Table 7 (continued) 


Cc) Porosity 


Weight of pack (1496.020 - 1350.180) gms 
= 145.840 gms 


Height of pack 


(4.543 .- 1.005) in. 


SS Big leitch. algae 

= 8.99 cm 
Cross-sectional area of pack = 10.463 sq.cm. 
Volume sof pack "s2"10-463>x 8.99 cc 

= 94.062 cc 


145.840 gm 


Apparent density (p.) 
94.062 cc 


= 14550 gm7Zcc 


eg Pa 
Pg 


Porosity ($9) 


= 2.442 gm/cc 


2.442 - 1.550 


2.442 


= 36.53% 


d) Permeability 
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Table 7 (continued) 


QuL 
eo pe ee 
AAP 
320 
Q = ——  cc/sec. 
60 x 60 
A = 10.463 sq.cm. 
fee een. o22ceCps 
i= 3. 87> cm 
AP = 0.81 cm. x0.1467 psi/cm. x9.0680 atms/psi 
= 0.00808 atms 
SIMA) Sie Ushers ore TSP Ate) 
CE ee ree 
SOR xXe0.0mx 02.46 38x1..00808 
K = 8.43 darcies 


e) The Apparent Contact Angle 


Using the above results to calculate the product 
pees, ie 
2a $ 


the product (C.) becomes 


LOL 8.43 ue 
Chee = peel 35 axe 10 
45.86 36.53 
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Table 7 (continued) 


contact angle of he 

Calculating the product (C.) for a sample of beads 
taken from the model after all runs were completed; the 
value of the product was found to be 1.074 x 1 Ona 


Hence, the wettability index 


1ovd x lose 
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Table 8 


Injection Rate = 400 cc/hr/well Back pressure = 0 psig 
Oil in Place =m SCC da"i Zein. 
(1) (2) (3) (4) (5) (6) (7) 
Total Cum. Cum. Through- Oil Rec. 
Cum. Onn Water Put in in Oil Rec. 
Prod; Prod. Be2rod ee opot Inst. 5-Spot SH Or Leen 
(cc) (cc) (ec) Dice WOR H.C. PV Place 
35 iss 0 O7179 - 0230 4.76 
97 97 0 0.495 ~ 0.83 Nhe 2) ¢) 
Pagoyl 231 0 Jey dea - Lied 31.43 
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698.6 644.3 5AN3 oes 87 5.49 87.66 
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Table 9 
Five-Spot Flood 1-C 


Calculation of Areal Sweep Efficiency (Es) 


Injection Rate 


400 cc/hr/well 


Back Pressure = 0 psig 


d 


12 inches 


(1) (2) (3) 
E 


Cumulative Area Swept as 
Through-Put Out Area Swept/Unit Area 
CBee) (sq.cm.) (Fraction) 

0.179 Si2e/ 0.567 

0.495 1223 Th 

Deda) CARNE 2n39 

2.44 3597 3% 87 

Shall 4290 4.62 

3.92 - 509 * 

5.08 - bn 69 * 
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Table 10 


Production History Pe veropou Flood 2-A 


Injection Rate = 320 cc/hr/well Back pressure = .0151 psig 
Origen lace = 803 cc d=" 8 iri 
ely (2) ) (4) (5) (6) CaP 

Total Cum. Cum. Through- Ot) Rec. 
Cum. Oil Water Put ein in Oil Rec. 
Brod. Prod. Brod. 5-Spot Inst. 5-Spot 2.011310 
(oc) Coc) (cc) Die Vie WG) a Ratu tigre o1V 6 Place 
30 30 0 0.345 - Sie 3.74 
70 70 0 0.804 - YA le Th 
100 100 0 1.148 ~ IRA) 12.45 
Le2 182 0 2.09 - 3.48 22:0 
350 350 0 4.02 - 6270 43.59 
392 392 0 4.50 = gis iaiak 48.82 
Gi), 5o/ 0 6.74 WBT 11.24 13°10 
600 600 Trace 6.89 - 11.49 74.72 
631 627 4 exo) OSL3 ieee 78.08 
658 651 7 eeto,0 O25 12.47 ek lap yy 
Ou 682.5 24.5 hey O%556 1300s 84.99 
756 THOS Ss) S05) 8.69 oe Theale ull 87.86 
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2.0 Sra Halil eas 425.8 MySite 3.20 14.89 96.86 
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Table 11 
Five-Spot Flood 2-A 


Calculation of Areal Sweep Efficiency (Eos) 


tl 


Injection Rate 320 cc/hr/well 


Back Pressure = .0151 psig 
ad = 8 inches 
(1) (2) (3) 
Cumulative Area Swept Eas 
Through-Put Out Area Swept/Unit Area 
Cee) (sq.cm.) (Fraction) 
0.345 438 1s 06 
0.804 801 “1.94 
2.09 1594 37.06 
4.50 2820 6.83 
Tip AS 3823 9°. 26 
6,12 4563 Nuk fate, 
10.41 - aie 7 
e525 - 13.40* 
15.34 - aoeo0% 


* Calculated Values 
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Table 12 


Production History ~ Pive-spot Flood 2-B 


Injection Rate = 400 cc/hr/well Back pressure = .0151 psig 

Oil in Place YAS TOR oYel Ges 6 1)N. 
(1) (2) (3) (4) (5) (6) (7) 

Total Cum. Cum. Through- Oil Rec. 

Cum. Oil Water Piles 2 tsa Oil Rec. 

Prod. Prod. Prod. 5-Spot Inst. 5-Spot SPO. in 

ifeley | (cc) Cec) P.V. We, Ol meE Hel wrs Vie Place 
50 50 0 ~574 - 0.96 5 She 
347 347 0 3.99 = 6.64 43.92 
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636;. 2 Syeieha al Phat Tet WBT Ae bs 80.39 
SG0ns 642 .2 ils tego, (i hat eK) tay sete 82.94 
684.3 654.2 Sw hal 7.86 0.448 IE Re rs) 84.46 
708.8 661.5 47.3 8.14 1.90 12.92 Son a0 
71930 6635 memo Ses ee as) 2046 12.96 85.66 
12065 6657.7, 63.1 8.37 3.64 13,00 Son go 
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Table 13 
Five-Spot Flood 2-B 


Calculation of Areal Sweep Efficiency (Eos) 


Injection Rate = 400 cc/hr/well 
Back Pressure = .0151 psig 
d = 8 inches 
Ch) (2) ) 
Cumulative Area Swept Eas 
Through-Put Out Area Swept/Unit Area 
GeV c) (sq.cm.) (Fraction) 
0. 96 541 14. 31 
2.40 1594 3.86 
sre Ao 2861 pes 
6.80 3997 9.68 
10.14 - 123.5% 


* Calculated Values 
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Table 14 
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Production History - Five-Spot Flood 2-c 


Back pressure 


a 


5-Spot 


He, GePew 


I 


i olepsid 


den Lio prow? us  ,.mud  Lesor” 


foye-c¢ §«.tenk goqa-c ..botd bord bord 


u 


~*~ 

: 
mm 

‘ 


vw 2 00 -43 


7": <c 


moe o ta ee 
* e 


- 


ae oe 
a ft 
. 


OO 
- 


i ofS 
’ . 
PS rh w@ 


as Be od 


Pal 


(Ae SS CM he f te 
> 


4 


‘o> 7 FO 


ey <4 oo 


f? CO Gs RO Oy Be 


mn“ 
. » . 4 ». ’ - . * . ° . 
MRS FON nmhe OO 
> © 4 0 - 70-70 -7 5 


rnd 


= 
> Q 


> s boost, tog pe SP ia 
he Ne A ANN ee i %e - — - - 7 7 ; _ = i = he ; a 7 es 


att 


# 


weesig #obe > Servet oe a oasit notsoatet 4 

: ; “po sev =. eosla: at £10 ; 
(a) (2) (k) 6 a (2) tas oe ; 
ni | a@i 2u% tesawW lio “mm 


1.9.8 SOR = | ee (99) (90) Bins 


- O2COoO Oo 


At ee 


° * . * ‘ 
A oor. mm mM M4 
+R is Pie te ee 


e FF 


I-19 
Table 15 


Five-Spot Flood 2-C 


Calculation of Areal Sweep Efficiency (Eos) 


Injection Rate = 480 cc/hr/well 
Back Pressure = .0151 psig 
dad = 8 inches 
(1) (2) (3) 
Cumulative Area Swept Fas 
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Table 16 


Production History Five-Spot Flood 2-D 
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Table 17 
Five-Spot Flood 2-D 


Calculation of Areal Sweep Efficiency (Eos) 


Injection Rate = 800 cc/hr/well 
Back Pressure = .0151 psig 
ad = 8 inches 
cL} (2) (3) 
Cumulative Area Swept Fas 
Through=-Put Out Area Swept/Unit Area 
(PVs) (sq.cm.) (Fraction) 
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Table 18 


Production History ~ Five-Spot Flood 3-A 


Injection Rate = 480 cc/hr/well Back pressure = 0 psig 
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Table 19 
Five-Spot Flood 3-A 


Calculation of Areal Sweep Efficiency (Es) 


Injection Rate = 480 cc/hr/well 
Back Pressure = 0 psig 
ad = 8 inches 
(1) (2) (3) 
Cumulative Area Swept Eas 
Through-Put Out Area Swept/Unit Area 
(Pe Vie} (sq.cm,) (Fraction) 
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Table 20 
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Table 21 
Five-Spot Flood 3-B 


Calculation of Areal Sweep Efficiency (Eo) 


Injection Rate 


480 cc/hr/well 


Back Pressure = .0151 psig 
ad = 8 inches 
(1) (2) 3) 
Cumulative Area Swept Eas 
Through-Put Owe Area Swept/Unit Area 
(Py Vie) (sq.cm.) (Fraction) 
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Table 22 


BEOUUCE LONG S COLYeaah1Ve~opot™ Flood) 3=-C 


Injection Rate = 480 cc/hr/well Back pressure = .0277 psig 
Oil in Place REM HVE Mote. d.= 8 in. 
(1) (2) es) (4) (5) (6) (7) 
Total Cum. Cum. Through- Oil Rec. 
Cum. Oil Water Put in in Olena cr 
Prod, Prod, Prod. 5-Spot Inst. 5-Spot %$ Oil in 
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Table 23 


ELV ese DOL Flood 3-C 


Calculation of Areal Sweep Efficiency (Eos) 


Injection Rate 480 cc/hr/well 


Back Pressure = .0277 psig 
ad = 8 inches 
(1) (2) (3) 
Cumulative Area Swept Eas 
Through=-Put Out Area Swept/Unit Area 
(P.V.) (sq.cm.) (Fraction) 
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Table 24 


Production History = Pive-=spot Flood 3-D 


Injection Rate = 480 cc/hr/well Back Pressure = .0403 psig 
Oil in Place =—_d10-ce ad = 8 in. 
(1) (2) (3) (4) (5) (6) (7) 
Total Cum, cums Through- Oi eReac. 
Cum. Oil Water Put in in Oils Rec. 
Prod. Prod. Prod. 5-Spot Inst. 5-Spot %$ Oil in 
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Table 25 
Five-Spot Flood 3-D 


Calculation of Areal Sweep Efficiency (Eos) 


Injection Rate 480 cc/hr/well 


Back Pressure = .0403 psig 
d = 8 inches 
(1) (2) (3) 
Cumulative Area Swept Eas 
Through-Put Out Area Swept/Unit Area 
CPV.) (sq.cm.) (Fraction) 
0.437 562 IS te) 
1.54 1840 4.46 
3. 86 3430 cial 
Gi 6 5020 ay 2 
9.00 5S 40 nC 
10.42 ~ La. 3 ™ 
aie a - 13.9* 
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Table 26 


BrOdUctiOnshli st Okyeras.Ve-spot. © lood, 3-E 


Injection Rate = 480 cc/hr/well Back pressure = .0655 psig 
Oil in Place ES toWl@e. tole. fol. Hs Alpe 
(7) (2) (3) (4) (5) (6) (7) 
Total Cum. Cum. | Through- Oil Rec. 
Cum. nial Water Put in in Ol leRec. 
Prod. Prod: Prod. 5-Spot Inst. 5-Spot $a01 lei) 
(ete) Coc) (ee) Prev. W.O. BHA iV Place 
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Table 27 
Five-Spot Flood 3-E 


Calculation of Areal Sweep Efficiency (Eos) 


Injection Rate 480 cc/hr/well 


Back Pressure = .0655 psig 
ad = 8 inches 
(1) (2) (3) 
Cumulative Area Swept Fas 
Through-Put Out Area Swept/Unit Area 
(PAV) (sq.cm.) (Fraction) 
0.597 483 ae, 
a lyaohys 1140 2501 3 
ie TAL 2230 5.41 
6.43 3640 8.81 
7.43 4038 9.78 
§,.85 - 12.3% 
14.6 - 3.0% 
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Table 28 


Production History SePlVe-opotenLood 3-F 


Injection Rate = 480 cc/hr/well Back pressure = .101 psig 
Oil in Place = 855 cc oh ae Gal 
(1) (2) (3) (4) (5) (6) Ch, 
AMe hey: Ws Cum. Cum. Through- Ou ReC:. 
Cum. Old Water Put in in Oil Rec. 
Prod. Brod. Prod. 5=-Spot Inst. 5-Spot SeO1 lain 
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Table 29 
Five-Spot Flood 3-F 


Calculation of Areal Sweep Efficiency (Es) 


Injection Rate = 480 cc/hr/well 
Back Pressure = .101 psig 
ad = 8 inches 
(1) (2) (3) 
Cumulative Area Swept Eas 
Through-Put Out Area Swept/Unit Area 
(Deve) (sq.cm.) (Fraction) 
OP oe, 446 1.08 
1.45 1030 2250 
3.81 2230 eee) 
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6.87 3560 8 Gre 
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Table 30 


Production History ~ Five-Spot Flood 3-G 


Injection Rate = 480 cc/hr/well Back pressure ?(plug off) 
Oil in Place tes feild ak ok es deseo itl. 
Gls) (2) (3) (4) (5) (6) (7) 
Total Cum. Cum. Through- Oil Rec. 
Cum. OLE Water Put in ee) Oil Rec. 
Prod. Prod. Prod. 5-Spot Inst. 5-Spot ee 011 4in 
(cc) (oc) (cc) PV. W.O.R. ORION ES Place 
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Table 31 
Five-Spot Flood 3-G 


Calculation of Areal Sweep Efficiency (Ess) 


Injection Rate = 480 cc/hr/well 


Back Pressure ? (Plug Off) 


ad = 8 inches 
G1) (2) (3) 
Cumulative Area Swept Eas 
Through-Put Out Area Swept/Unit Area 
(PeV;) (sq.cm.) (Fraction) 
0.344 303 O35 
0.942 718 thes the 
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4.80 2650 6.41 
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Table 32 


480 cc/hr/well 


908 cc 
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Production History - Five-Spot Flood 3-H 
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Table 33 
Five-Spot Flood 3-H 


Calculation of Areal Sweep Efficiency (Es) 


Injection Rate 


480 cc/hr/well 


Back Pressure = .116 psig 
ad = 8 inches 
(1) (2) (3) 
Cumulative Area Swept Eas 
Through-Put Out Area Swept/Unit Area 
(P.V.) (sq.cm.) (Fraction) 
0.495 442 LY. Of/ 
eo 962 Zien 
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* Indicates calculated point 
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FIG 12 FIVE-SPOT FLOOD 2-A PERCENT 
RECOVERY AND WATER-OIL RATIO vs 
CUMULATIVE THROUGH- PUT 

INJECTION RATE 320 cc/hr 

OIL IN PLACE 803 cc 
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THROUGH-PUT IN FIVE- SPOT PORE VOLUMES 


INSTANTANEOUS WATER- OIL RATIO 
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FIG 14 FIVE-SPOT FLOOD 2-B PERCENT 
RECOVERY AND WATER-OIL RATIO vs 
CUMULATIVE THROUGH-PUT 

INJECTION RATE 400 cc/hr 

OIL IN PLACE 790 cc 


THROUGH ~-PUT IN FIVE-SPOT PORE VOLUMES 


INSTANTANEOUS WATER-OIL RATIO 
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FIG 15 FIVE-SPOT FLOOD 2-B 
AREAL SWEEP EFFICIENCY vs 
CUMULATIVE THROUGH- PUT 
INJECTION RATE 400 cc/hr 

OIL IN PLACE 790cc. 
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FIG Ike AMES SOM (PUOLO)D) Ae 
PERCENT RECOVERY AND WATER- 
OIL RATIO vs CUMULATIVE 
THROUGH - PUT 

INJECTION RATE 480 cc/hr 

OIL IN PLACE 732 cc 
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INJECTION RATE 480 cc./hr. 
OIL IN PLACE 732cc. 


FIG 17: FIVE-SPOT;) FLOOD. 2-G 
AREAL SWEEP EFFICIENCY VS. 
CUMULATIVE THROUGH-PUT 


THROUGH- PUT IN FIVE-SPOT PORE VOLUMES 
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FIG 18 FIVE-SPOT FLOOD 2-D 
PERCENT RECOVERY AND WATER- 
OIL RATIO vs CUMULATIVE 
THROUGH - PUT 

INJECTION RATE 800 cc/hr 

OIL IN PLATE 79lcc 
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FIG 19 FIVE-SPOT FLOOD 2-D 
AREAL SWEEP EFFICIENCY VS. 
CUMULATIVE THROUGH- PUT 


THROUGH- PUT IN FIVE-SPOT PORE VOLUMES 
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FIG 20 FIVE-SPOT FLOOD 3-A PERCENT 
RECOVERY AND WATER-OIL RATIO vs. 
CUMULATIVE THROUGH- PUT 

OIL IN PLACE 720cc 

BACK PRESSURE 0 p.s.i.g. 
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EIS 2 erivE- SPOT FrOODY3=B8 
PERCENT RECOVERY AND WATER- OIL 
RATIO vs CUMULATIVE THROUGH-PUT 
OIL IN PLACE 740 cc 
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FIG 22. FIVE-SPOT FLOOD 3-C PERCENT 
RECOVERY AND WATER-OIL RATIO vs 
CUMULATIVE THROUGH- PUT 

OIL IN PLACE 763 cc 

BACK PRESSURE 0.0277 p.s.i.g. 


THROUGH-PUT IN FIVE- SPOT PORE VOLUMES 


INSTANTANEOUS WATER-OIL RATIO 


he 


F, a 
Li 


“eg ih 


ee : ae 
Or OF Tosa soi a 
7g 2 OMAR yg aA ya? VO: 
eet TUR TOUORMT VITA ; 
ax CON. SDAII MIO t 


ey ee 9.1.2.4 8580.0 sauzZard OAS 
$ ; o aa Ry» | | | 


al 
ee 


(a, 
° 


3 


=” 


ae 


— ——— ry Oe a Ca RE Beet CGE (RRR jt eames = Speer’ ee Ba — 
A 4 
on 


=v 
am, 


ball 
_ 


x 
= 
re. Ca 


(4) ee ion 
: oe i 5 Rt © 
+e . i. vGh h ’ ul 7 unk 

, : is im 
: % 


. ree Pe 


— 
k 


i 
SS Ors | 
ar: oa 
L 
li 


s 
fe ~ "i - ' 
= bs 


en) BROR TORE 
ay a LA : 
7 idee 


ed al oa a 
Bare aie ot 


=) | 


OIL RECOVERED (% OIL IN PLACE) 


100 


80 


60 


40 


20 


FIG 23 FIVE-SPOT FLOOD 3-D 
PERCENT RECOVERY AND 
WATER-OIL RATIO vs 
CUMULATIVE THROUGH- PUT 


OIL IN PLACE 810 cc 
BACK PRESSURE 
= -0.4032 p.s.i.g. 
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FIG 24 FIVE-SPOT FLOOD 3-E 
PERCENT RECOVERY AND WATER- OIL 
RATIO vs CUMULATIVE THROUGH-PUT 
OIL IN PLACE 812 cc 

BACK PRESSURE 0.0655 p.s.i.g. 
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FIG 25 FIVE-SPOT FLOOD 3-F 
PERCENT RECOVERY & WATER-OIL 
RATIO VS. CUMULATIVE THROUGH-PUT 


OIL IN PLACE 855 cc. 
BACK PRESSURE 0.101 PSIG. 
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FIG 26 FIVE-SPOT FLOOD 3-G 
PERCENT RECOVERY AND WATER- 
OIL RATIO vs CUMULATIVE 
THROUGH - PUT 

OIL IN PLACE 860 cc 

BACK PRESSURE ? 


THROUGH- PUT IN FIVE SPOT PORE VOLUMES 


INSTANTANEOUS WATER- OIL RATIO 
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FIG 27 FIVE-SPOT FLOOD 3-H 

PERCENT RECOVERY AND WATER- 

OIL RATIO vs CUMULATIVE 

THROUGH- PUT Me 


OIL IN PLACE 908 cc 
BACK PRESSURE .116 p.s.i.g. 


80 


40 


20 


THROUGH- PUT IN FIVE-SPOT PORE VOLUMES 


INSTANTANEOUS WATER- OIL RATIO 


ee | Pa ne 
“M<€ GOO TO92-3¥1. SOF 
| SSTAW CWA YS3IVODIR TH39D939 
. .  3VITAJUMUD ev OITAR JO 
~~. FU9-HOUOSHT 
32802 J3DAII VINO 

p.ieq Ol. 39022389 WAT 


7 
7 * 


— 
6 


faa 
al 


teal 


" 


aes <x)! 26s 
ey. 
Sad at @e a. Ape 


Po G 
ry, ms 


be: - a 


, 


Sti esy 
resi 


; Rive ita ecot ear neaecieueayel pacman gTeG Setais ge Teh Ly punaaat if Sei 
5 wi er tities a ret nue fey 7 ba hdahe as ean iagtrd phaser tet 
S rata begets . bs bes f st a ; fn nies Ws PSHE ARDEA Teta a ype oe fey BLOL A Ce 
a oat) tat te cee aie ue Pian : Di unsea nh oat be Bae Hin 
obeetRjntouaie epeteiene ioe gg acct awtetiose gel alr ree saree fisspassainneeegertot mar jaieieeee nay eee eety sey giklea ty 

Soe ACH a coy ute ee a Ma dee Hae atria tua aun ay 


3) 


eee ae 
i 3 geht aang) ; 
- “ dates itt ie ata cel epohe ea he ¥ i 7 Neat aaa 4%: a oll 
Seis rey i rete . a ny SA te Ti ae 3 4 f f h punt Bit aie ada 
paces i ae pies is aide atin de He tt: we re aii any eagle 


Pte 


al 


f 
tt 


mages g? 
. wer de yes pele ts4 
be eta ree 

feet cape 


syeaeds Danae! 
ene Beate 
batts 
oy 


iy itd i 
ee ar ty 


Ais Stott 34 
aeesneicees 
} Natt tes 
tres rye 


i 


Teo aba sree NU iy) 
Made spat te) tae 4 aitnityty 
mn % Hier “4 ‘ i f 

4, ‘ 


fat 


ne 


(i 


Rate 
eee 


% itn Sis 


ors Th { : 
to Pseoiee st 


[aay ane4s bates payed 


